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(54) METHOD FOR RECOVERING VALUABLE METAL

(57) A method capable of inexpensively recovering
valuable metals is provided. The method for recovering
a valuable metal includes: a preparation step of preparing
a charge containing at least lithium (Li) and a valuable
metal; an oxidation and reductive melting step of sub-
jecting the charge to an oxidation treatment and a reduc-
tive melting treatment to produce a reduced product con-
taining a molten alloy and a slag, the molten alloy con-
taining the valuable metal; and a slag separation step of
separating the slag from the reduced product to recover
the molten alloy, in which the mole ratio of lithium (Li) to
aluminum (Al) (Li/Al ratio) in the slag is 0.15 or more and
less than 0.40, and the mole ratio of calcium (Ca) to alu-
minum (Al) (Ca/Al) in the slag is 0.15 or more.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for recovering a valuable metal.

BACKGROUND ART

[0002] In recent years, lithium ion batteries have become popular as lightweight and high-power secondary batteries.
A well-known lithium ion battery has a structure including an outer case, and negative and positive electrode materials,
a separator, and an electrolytic solution, which are sealed in the outer case.
[0003] For example, the outer case includes a metal, such as aluminum (Al) and iron (Fe). The negative electrode
material includes a negative electrode current collector (e.g., a copper foil) and a negative electrode active material (e.g.,
graphite) bonded to the current collector. The positive electrode material includes a positive electrode current collector
(e.g., an aluminum foil) and a positive electrode active material (e.g., lithium nickelate, lithium cobaltate) bonded to the
current collector. The separator includes, for example, a porous polypropylene resin film. The electrolytic solution contains
an electrolyte, such as lithium hexafluorophosphate (LiPF6) .
[0004] Hybrid cars and electric vehicles are among the major applications of lithium ion batteries. According to the life
cycle of such vehicles, therefore, a huge number of lithium ion batteries, which are now installed in them, are expected
to be discarded in the future. Some lithium ion batteries are also discarded if found defective during the manufacturing
process. It is desirable to reuse such used batteries and such defective batteries occurring in the manufacturing process
(hereinafter such batteries will be referred to as "discarded lithium ion batteries") as a resource.
[0005] A proposed technique for the reuse includes a pyrometallurgical smelting process that includes entirely melting
discarded lithium ion batteries in a high-temperature furnace. Such a pyrometallurgical smelting process includes melting
crushed discarded lithium ion batteries; separating valuable metals, such as cobalt (Co), nickel (Ni), and copper (Cu),
which are to be recovered, and less valuable metals, such as iron (Fe) and aluminum (Al), based on the difference in
oxygen affinity between the valuable and less valuable metals; and recovering the valuable metals. This technique
oxidizes the less valuable metals as much as possible to form a slag while it prevents the oxidation of the valuable metals
as much as possible and recovers them in the form of an alloy.
[0006] Patent Document 1 discloses a technology of a process for the recovery of enthalpy and metals from lithium
ion batteries on a copper smelter. Specifically, it discloses a process comprising the steps of: feeding a useful charge
and slag formers to the smelter; and adding heating and reducing agents, characterized in that at least part of the heating
and/or reducing agents is replaced by lithium ion batteries containing one or more of metallic iron, metallic aluminum,
and carbon. Using such a copper smelter, if possible, may allow valuable metals, such as copper and nickel, to be
efficiently recovered from lithium ion batteries in conjunction with copper smelting. In such copper smelting, cobalt will
be distributed into a slag. A technique for recovering cobalt may include, for example, roasting discarded lithium ion
batteries to separate an alloy and a slag; and subjecting the alloy to a hydrometallurgical process.
[0007] In addition, Patent Document 2 discloses a valuable metal recovery method for recovering valuable metals
including nickel and cobalt from discarded lithium ion batteries containing nickel and cobalt. Specifically, it discloses a
method including: a melting step that includes subjecting the discarded batteries to melting to obtain a molten product;
an oxidation step that includes subjecting the molten product to an oxidation treatment during the melting step or subjecting
the discarded batteries to an oxidation treatment before the melting step; a slag separation step that includes separating
a slag from the molten product to recover an alloy including the valuable metals; and a dephosphorization step that
includes separating phosphorus from the alloy, wherein the dephosphorization step includes adding a lime-containing
material to the alloy and then oxidizing the alloy. Patent Document 2 proposes a process that includes adding silicon
dioxide (SiO2) and calcium oxide (CaO) during the melting of discarded lithium ion batteries so that the resulting slag
can have a lower melting point for the recovery of the valuable metals.
[0008]

Patent Document 1: PCT International Publication No. WO2015/096945
Patent Document 2: Japanese Patent No. 5853585

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

[0009] Unfortunately, some problems remain with the methods proposed in Patent Documents 1 and 2. For example,
the method of Patent Document 1 needs high-temperature treatment. The method of Patent Document 1 also has a
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problem in that the slag can erode the oxide in the treatment vessel to cause it to crack easily. Such erosion, if occurring,
may extremely increase the facility cost and may preclude inexpensive recovery of valuable metals. In the method
disclosed in Patent Document 2, a flux is added in a large amount, which leads to a low throughput for the treatment of
discarded lithium ion batteries. Moreover, since the flux contains a large amount of silicon dioxide (SiO2), which is an
acidic oxide, phosphorus may be insufficiently removed in the form of an acidic oxide from the metallic material. Those
problems cause the need to develop a technique for inexpensively recovering valuable metals from discarded lithium
ion batteries.
[0010] The present invention has been proposed in view of such circumstances, and an object of the present invention
is to provide a method capable of inexpensively recovering valuable metals.

Means for Solving the Problems

[0011] The present inventor conducted intensive studies in view of the problems described above. As a result, the
present inventor focused on the mole ratio of lithium (Li) to aluminum (Al) (Li/Al ratio) and the mole ratio of calcium (Ca)
to aluminum (Al) (Ca/Al ratio) in a slag, and found that specifying these ratios within a predetermined range leads to
lowering the melting temperature of the slag to 1,575°C or less, and thus the valuable metals can be recovered inex-
pensively, to complete the present invention.
[0012]

(1) A first aspect of the present invention relates to a method for recovering a valuable metal, the method comprising:
a preparation step of preparing a charge comprising at least lithium (Li) and a valuable metal; an oxidation and
reductive melting step of subjecting the charge to an oxidation treatment and a reductive melting treatment to produce
a reduced product comprising a molten alloy and a slag, the molten alloy comprising the valuable metal; and a slag
separation step of separating the slag from the reduced product to recover the molten alloy, wherein the mole ratio
of lithium (Li) to aluminum (Al) (Li/Al ratio) in the slag is 0.15 or more and less than 0.40, and the mole ratio of calcium
(Ca) to aluminum (Al) (Ca/Al) in the slag is 0.15 or more.
(2) A second aspect of the present invention relates to the method according to the first aspect, wherein the prep-
aration step or the oxidation and reductive melting step, or both further comprise adding flux comprising calcium
(Ca) to the charge and/or a material to be treated.
(3) A third aspect of the present invention relates to the method according to the first or second aspect, wherein the
oxidation treatment comprises oxidatively roasting the charge to produce an oxidatively roasted product, and the
reductive melting treatment comprises reductively melting the oxidatively roasted product to produce a reduced
product.
(4) A fourth aspect of the present invention relates to the method according to any one of the first to third aspects,
wherein the reductive melting treatment comprises introducing a reducing agent.
(5) A fifth aspect of the present invention relates to the method according to any one of the first to fourth aspects,
wherein the reductive melting treatment comprises heating at a temperature of 1,300°C or more and 1,575°C or less.
(6) A sixth aspect of the present invention relates to the method according to the fifth aspect, wherein the reductive
melting treatment comprises heating at a temperature of 1,350°C or more and 1,450°C or less.
(7) A seventh aspect of the present invention relates to the method according to any one of the first to sixth aspects,
wherein the charge comprises a discarded lithium ion battery.
(8) An eighth aspect of the present invention relates to the method according to any one of the first to seventh
aspects, wherein the slag comprises 15% by mass or less of manganese oxide (MnO).

Effects of the Invention

[0013] The present invention provides a method capable of inexpensively recovering valuable metals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]

FIG. 1 is a flowchart showing a flow of a method for recovering a valuable metal from a discarded lithium ion battery;
FIG. 2 is a schematic diagram showing the configuration of an apparatus for use in a test;
FIG. 3 is a phase diagram of the Al2O3-CaO-Li2O system (MnO = 0% by mass), with the measurements of the
melting temperature plotted; and
FIG. 4 is a phase diagram of the Al2O3-CaO-Li2O system (MnO = 10% by mass), with the measurements of the
melting temperature plotted.
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PREFERRED MODE FOR CARRYING OUT THE INVENTION

[0015] Hereinafter, modes of the present invention (hereinafter, referred to as "present embodiments") will be described.
It should be noted that the embodiments described below are not intended to limit the present invention and may be
altered or modified in various ways without departing from the gist of the present invention.

<<1. Method for Recovery of Valuable Metals>>

[0016] The method for recovering a valuable metal according to a present embodiment is a method for recovering a
valuable metal from a charge containing at least lithium (Li) and the valuable metal.
[0017] The valuable metal includes copper (Cu), nickel (Ni), cobalt (Co), and a combination thereof, and is at least
one metal or alloy selected from the group consisting of copper (Cu), nickel (Ni), cobalt (Co), and a combination thereof.
In addition, the method according to the present embodiment is directed to a recovery method mainly based on a
pyrometallurgical process. The method may include a pyrometallurgical process and a hydrometallurgical process.
[0018] Specifically, this recovery method includes: a preparation step of preparing a charge comprising at least lithium
(Li) and a valuable metal; an oxidation and reductive melting step of subjecting the charge to an oxidation treatment and
a reductive melting treatment to produce a reduced product containing a molten alloy and a slag, the molten alloy
containing the valuable metal; and a slag separation step of separating the slag from the resulting reduced product to
recover the molten alloy.
[0019] In addition, the mole ratio of lithium (Li) to aluminum (Al) (Li/Al ratio) in the slag is 0.15 or more and less than
0.40, and the mole ratio of calcium (Ca) to aluminum (Al) (Ca/Al ratio) in the slag is 0.15 or more.
[0020] Hereinafter, the details of each step of the recovery method according to the present embodiment will be
described below.

[Preparation Step]

[0021] The preparation step includes preparing a charge. The charge, which is the target to be treated for recovery
of the valuable metal, contains lithium (Li), and in addition thereto, at least one valuable metal selected from the group
consisting of copper (Cu), nickel (Ni), cobalt (Co), and any combination of these metals. The component (Li, Cu, Ni, Co)
of the charge may be in a metallic form or a compound form, such as an oxide form. The charge may also contain an
inorganic component other than the component (Li, Cu, Ni, Co) mentioned above and may further contain an organic
component.
[0022] The charge may be any appropriate material, examples of which include discarded lithium ion batteries, dielectric
materials (e.g., capacitors), and magnetic materials, etc. The charge may be in any form suitable for the treatment in
the subsequent oxidation and reductive melting step. The preparation step may include subjecting the charge to crushing
or any other treatment to convert it into a suitable form. The preparation step may further include subjecting the charge
to heat treatment, separation, or other treatments to remove unnecessary components, such as water and organic
materials.

[Oxidation and Reductive Melting Step]

[0023] The oxidation and reductive melting step includes subjecting the prepared charge to an oxidation treatment
and a reductive melting treatment to produce a reduced product. This reduced product contains a molten alloy and a
slag, having the molten alloy and the slag separated from each other.
[0024] The molten alloy contains the valuable metal. In the reduced product, therefore, a valuable metal-containing
component (molten alloy) is separable from other components. This is attributable to the fact that the less valuable metal
(e.g., Al) has a high affinity for oxygen while the valuable metal has a low affinity for oxygen. In general, for example,
aluminum (Al), lithium (Li), carbon (C), manganese (Mn), phosphorus (P), iron (Fe), cobalt (Co), nickel (Ni), and copper
(Cu) preferentially oxidize in the order of: Al > Li > C > Mn > P > Fe > Co > Ni > Cu. Namely, among them, aluminum
(Al) is most prone to oxidation, while copper (Cu) is most resistant to oxidation. Therefore, the less valuable metal (e.g.,
Al) easily undergoes oxidation to form a slag, while the valuable metal (Cu, Ni, Co) undergoes reduction to form a molten
metal (alloy). Thus, the less valuable metal and the valuable metal can be separated into a slag and a molten alloy,
respectively.
[0025] In the recovery method according to the present embodiment, the mole ratio of lithium (Li) to aluminum (Al)
(Li/Al ratio) in the slag is 0.15 or more and less than 0.40, the mole ratio of calcium (Ca) to aluminum (Al) (Ca/Al ratio)
in the slag is 0.15 or more.
[0026] Lithium (Li) and calcium (Ca) contribute to a decrease in the melting temperature of the slag. Therefore, by
controlling the components in the slag so as to achieve the mole ratio within the range described above, the melting
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temperature of the slag can be lowered to 1,575°C or less, for example, 1,450°C or less. Additionally, when the charge
contains phosphorus, a slag rich in calcium (Ca) tends to remove the phosphorus easily. This is attributable to the fact
that phosphorus produces an acidic oxide upon oxidization, whereas calcium (Ca) produces a basic oxide upon oxidi-
zation. Therefore, a larger amount of calcium (Ca) in the slag produces a more basic slag composition, and consequently
makes it easier to incorporate phosphorus into the slag and remove it.
[0027] The slag may be free of aluminum (Al). For example, lithium oxide (Li2O) alone can be melted at about 1,430°C.
However, an excessively high Li/Al ratio may result in a shorter lifetime of a crucible used depending on the material of
the crucible. In addition, when both the Li/Al ratio and the Ca/Al ratio are excessively high, the slag may be difficult to
melt, to the contrary. In light of this, the Li/Al ratio in the slag is selected to be less than 0.4. The upper limit of the Ca/Al
ratio in the slag is not particularly limited, and is preferably less than 1.0, more preferably less than 0.8, and even more
preferably less than 0.3.
[0028] It should be noted that the amount of the slag component (Al, Li, Ca) can be easily controlled by adjusting the
composition of the charge and/or the amount of flux added. The flux will be described later.
[0029] Specifically, flux containing calcium (Ca) may be added to a material to be treated, for adjusting the amount of
calcium (Ca) in the slag. The flux preferably contains calcium (Ca) as a principal component, and examples thereof
include calcium oxide (CaO) and calcium carbonate (CaCO3) . Further, the flux may be added at a stage before the
reductive melting treatment step. Namely, one of the preparation step and the oxidation and reductive melting step
(oxidation treatment, reductive melting treatment), or both may include adding the flux to the charge and/or the material
to be treated. It should be noted that when the charge itself contains a large amount of the calcium (Ca) component, the
addition of the flux may be eliminated. Incidentally, the flux is preferably free of silicon (Si).
[0030] The oxidation and reductive melting step may include performing the oxidation treatment and the reductive
melting treatment simultaneously or separately. The simultaneous method may include blowing an oxidizing agent into
the molten product being produced during the reductive melting treatment. Specifically, an oxidizing agent through a
metal tube (lance) inserted in the molten product produced in the reductive melting treatment is bubbled into the molten
product, to perform the oxidation treatment simultaneously with the reductive melting treatment. In this case, the oxidizing
agent may be air, pure oxygen, an oxygen-rich gas, or any other oxygen-containing gas.
[0031] Alternatively, the oxidation treatment and the reductive melting treatment in oxidation and reductive melting
step may be preferably performed separately. The separate method may include oxidatively roasting the prepared charge
to produce an oxidatively roasted product (oxidation treatment), and subsequently reductively melting the resulting
oxidatively roasted product to produce a reduced product (reductive melting treatment).
[0032] The phases in the oxidation and reductive melting step, i.e., the oxidation treatment and the reductive melting
treatment, will be described in detail.

(Oxidation Treatment)

[0033] The oxidation treatment includes oxidatively roasting the charge to produce an oxidatively roasted product
(hereinafter, may also be referred to as "oxidative roasting treatment"). Even in the case where the charge contains
carbon, the oxidative roasting treatment can oxidize and remove the carbon, and thus accelerate the integration of
valuable metals into an alloy in the subsequent reductive melting treatment.
[0034] In the reductive melting treatment as described later, the valuable metal is reduced to localized molten fine
particles; in the course of this process, carbon contained in the charge can physically interfere with the gathering of the
molten fine particles (valuable metal). Without the oxidative roasting treatment, therefore, carbon may interfere with the
gathering and integration of the molten fine particles, and thus interfere with the separability between the metallic material
(molten alloy) and the slag, which may lead to a reduction in valuable metal recovery ratio. On the other hand, the
previous removal of carbon by the oxidative roasting treatment will facilitate the gathering and integration of the molten
fine particles (valuable metal) produced in the reductive melting treatment and provide a further increase in valuable
metal recovery ratio.
[0035] In the oxidative roasting treatment, the degree of oxidation may be controlled as described below. In general,
as mentioned above, aluminum (Al), lithium (Li), carbon (C), manganese (Mn), phosphorus (P), iron (Fe), cobalt (Co),
nickel (Ni), and copper (Cu) preferentially oxidize in the order of: Al > Li > C > Mn > P > Fe > Co > Ni > Cu. The oxidation
treatment may include allowing the treatment to proceed until the total amount of aluminum (Al) is oxidized. The treatment
may be accelerated to such an extent that iron (Fe) is partially oxidized, but the degree of oxidation is preferably kept
at such a level that oxidation of cobalt (Co) and recovery thereof into a slag are prevented.
[0036] In the oxidative roasting treatment, an appropriate amount of an oxidizing agent is preferably introduced to
control the degree of oxidation. The introduction of the oxidizing agent is particularly preferable in a case where the
charge contains discarded lithium ion batteries. A certain lithium ion battery has an outer case including a metal, such
as aluminum and iron. It also has positive and negative electrode materials containing an aluminum foil and a carbon
material, respectively. The assembled battery also has an outer package including a plastic material. Since such materials
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can all act as a reducing agent, the degree of oxidation can be controlled within an appropriate range by introducing the
oxidizing agent.
[0037] The oxidizing agent may be any type capable of oxidizing carbon and the less valuable metal (e.g., Al), and
preferably, the oxidizing agent is air, pure oxygen, an oxygen-rich gas, or any other oxygen-containing gas, which is
easy to handle. As a guide, the oxidizing agent may be introduced in an amount (chemical equivalents) about 1.2 times
(e.g., 1.15 to 1.25 times) that required to oxidize all target materials to be oxidatively roasted.
[0038] The oxidative roasting treatment preferably includes heating at a temperature of 700°C or more and 1,100°C
or less, more preferably at a temperature of 800°C or more and 1,000°C or less. At 700°C or more, carbon can be
oxidized in a shorter period of time with a higher efficiency. At 1,100°C or less, the oxidative roasting can be performed
at a low thermal energy cost with a high efficiency.
[0039] The oxidative roasting treatment may be performed using a known roasting furnace. The oxidative roasting is
preferably performed in a preliminary furnace different from the melting furnace for use in the subsequent reductive
melting treatment. The roasting furnace may be any type capable of roasting a crushed product while supplying the
oxidizing agent (e.g., oxygen) for the treatment in its interior. The roasting furnace may be, for example, a conventionally
known rotary kiln or tunnel kiln (hearth-type furnace).

(Reductive Melting Treatment)

[0040] The reductive melting treatment may include subjecting the oxidatively roasted product obtained through the
oxidative roasting treatment described above to heating and reductive melting to produce a reduced product. The
treatment aims to keep intact the oxide of the less valuable metal (e.g., Al), which is produced in the oxidative roasting
treatment, and to melt and reduce the valuable metals (Cu, Ni, Co) into a molten alloy capable of being recovered. The
alloy resulting from the reductive melting treatment is also referred to as the "molten alloy".
[0041] The reductive melting treatment preferably includes introducing a reducing agent. The reducing agent is pref-
erably carbon and/or carbon monoxide. Carbon has the ability to readily reduce valuable metals (Cu, Ni, Co) to be
recovered. For example, one mole of carbon can reduce two moles of valuable metal oxides (e.g., copper oxide, nickel
oxide). Moreover, the reduction technique using carbon or carbon monoxide is highly safe as compared to techniques
using a metallic reducing agent (e.g., thermite reaction methods using aluminum).
[0042] The carbon may be artificial graphite and/or natural graphite. Coal or coke may also be used if there is no risk
of impurity contamination.
[0043] The reductive melting may be performed at any heating temperature, and preferably, the reductive melting is
performed at a heating temperature of 1,300°C or more and 1,575°C or less, more preferably at a heating temperature
of 1,350°C or more and 1,450°C or less. At a temperature above 1,600°C, unnecessary consumption of thermal energy
may occur, and heavy deterioration of a refractory component, such as a crucible, may also occur to reduce productivity.
At a temperature below 1,300°C, the separability between the slag and the molten alloy may degrade, which may cause
a decrease in recovery ratio. The reductive melting treatment may be performed using a known technique. Such a
technique may include, for example, charging the oxidatively roasted product into an alumina (Al2O3) crucible; and
heating it by resistance heating or other methods. In some cases, generation of harmful substances, such as dust and
exhaust gas, occurs during the reductive melting treatment. Such harmful substances can be detoxified by a known
treatment, such as an exhaust gas treatment.
[0044] The use of the oxidative roasting treatment prior to the reductive melting treatment can eliminate the need for
an oxidation treatment in the reductive melting treatment. Incidentally, in a case where insufficient oxidation occurs in
the oxidative roasting treatment or in a case where the degree of oxidation is to be further controlled, however, an
additional oxidation treatment may be performed in the reductive melting treatment. The additional oxidation treatment
allows for more strict control of the degree of oxidation.

[Slag Separation Step]

[0045] The slag separation step includes separating the slag from the reduced product resulting from the oxidation
and reductive melting step to recover the molten alloy. The slag and the molten alloy have different specific gravities,
and the slag, which has a specific gravity lower than that of the molten alloy, gathers above the molten alloy. Thus,
specific gravity separation can be used to separate and recover the molten alloy from the slag.
[0046] The separation of the molten alloy from the slag and recovery of the molten alloy in the slag separation step
may be followed by a sulfurization step that includes sulfurizing the resulting alloy and by a crushing step that includes
crushing the mixture of the sulfurized product resulting from the sulfurization step and the alloy. Moreover, the valuable
metal alloy obtained through the pyrometallurgical smelting process described above may be subjected to a hydromet-
allurgical process. The hydrometallurgical process includes removing impurity components and separating and refining
the valuable metals (Cu, Ni, Co) to recover the individual valuable metals. Additionally, the hydrometallurgical process
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may be performed using known treatment techniques, such as neutralization and solvent extraction.
[0047] As described above, the recovery method according to the present embodiment performs the treatments while
controlling the Li/Al mole ratio and the Ca/Al mole ratio in the slag within the specific range described above, and produces
a slag with a melting temperature of 1,575°C or less, typically with a melting temperature of 1,450°C or less, which
means that the resulting slag will exhibit a low viscosity. Therefore, the slag separation step efficiently separates the
molten alloy and the slag from each other, which results in efficient and inexpensive recovery of the valuable metal.

<<2. Recovery of Valuable Metal from Discarded Lithium Ion Batteries>>

[0048] In the recovery method according to the present embodiment, the charge, i.e., the target for the treatment, may
be any type so long as it contains lithium (Li) and a valuable metal. Preferably, the charge is a material which includes
discarded lithium ion batteries, among others.
[0049] Discarded lithium ion batteries contain lithium (Li) and valuable metals (Cu, Ni, Co), as well as less valuable
metals (Al, Fe) and carbon. From the charge including discarded lithium ion batteries, valuable metals can be efficiently
separated and recovered. It should be noted that the term "discarded lithium ion battery" is intended to include not only
a used lithium ion battery but also a discarded material occurring in the process of manufacturing lithium ion batteries,
such as a defective product occurring in the process of manufacturing battery components such as positive electrode
materials, some residues occurring in the manufacturing process, and generated refuses. Therefore, the term "discarded
lithium ion battery" is interchangeable with "discarded lithium ion battery material".
[0050] FIG. 1 is a flowchart illustrating a flow of a method for recovering valuable metals from discarded lithium ion
batteries. Referring to FIG. 1, the method includes a discarded battery pretreatment step (S1) that includes removing
electrolytic solutions and outer cases from discarded lithium ion batteries; a crushing step (S2) that includes crushing
discarded battery components to obtain a crushed product; an oxidative roasting step (S3) that includes subjecting the
crushed product to oxidative roasting; a reductive melting step (S4) that includes subjecting the oxidatively roasted
product to reduction and melting to produce an alloy; and a slag separation step (S5) of separating a slag from the
reduced product resulting from the reductive melting treatment to recover the molten alloy. Although not shown, the slag
separation step (S5) may be followed by a sulfurization step that includes sulfurizing the resulting alloy and a crushing
step (which may also be referred to as a second crushing step to distinguish it from the crushing step S2) that includes
crushing the mixture of the sulfurized product resulting from the sulfurization step and the alloy. Hereinafter, each of the
steps will be described in detail.

[Discarded Battery Pretreatment Step]

[0051] The discarded battery pretreatment step (S1) is performed in order to prevent explosion of discarded lithium
ion batteries, to detoxify discarded lithium ion batteries, and to remove outer cases. Lithium ion batteries have a sealed
system in which the electrolytic solution and other components are contained. Crushing intact lithium ion batteries is
dangerous because of the risk of explosion, and thus, some measures should preferably be taken for discharging and
for removal of the electrolytic solution. In many cases, the outer case includes a metal, such as aluminum (Al) or iron
(Fe), and such a metallic outer case is relatively easy to recover directly. Thus, the discarded battery pretreatment step
(S1) that includes removing the electrolytic solution and the outer case will increase the safety and the ratio of recovery
of valuable metals (Cu, Ni, Co) .
[0052] The discarded battery pretreatment step (S1) may be performed using any appropriate procedure, and for
example, the pretreatment step may include mechanically opening holes in the discarded batteries with needle-shaped
blades to allow the electrolytic solution to flow out. Alternatively, the pretreatment step may include burning the discarded
batteries and thus to detoxify them.
[0053] When aluminum (Al) and iron (Fe) contained in the outer case are recovered, the pretreatment step (S1) may
include crushing the removed outer cases; and then sieving the crushed product with a sieve shaker. When made of
aluminum (Al), the case can be easily crushed with low power, so that aluminum (Al) can be efficiently recovered.
Magnetic force sorting may also be used to recover iron (Fe) from the outer case.

[Crushing Step]

[0054] The crushing step (S2) includes crushing the discarded lithium ion battery components to give a crushed
product. The crushing treatment in the crushing step (S2) aims to increase the reaction efficiency of the pyrometallurgical
smelting process. The increase in the reaction efficiency results in an increase in the ratio of recovery of valuable metals
(Cu, Ni, Co) .
[0055] The crushing may be performed using any specific procedure. The crushing may be performed using a con-
ventionally known crushing machine, such as a cutter mixer. It should be noted that a combination of the discarded
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battery pretreatment step (S1) and the crushing step (S2) corresponds to the "preparation step" described above.

[Oxidative Roasting Step]

[0056] The oxidative roasting step (S3) includes oxidatively roasting the crushed product, resulting from the crushing
step (S2), to produce an oxidatively roasted product. This step corresponds to the oxidation treatment (oxidative roasting
treatment) in the "oxidation and reductive melting step" described above, and the details of this step are as described
hereinabove.

[Reductive Melting Step]

[0057] The reductive melting step (S4) includes reducing the oxidatively roasted product, resulting from the oxidative
roasting step (S3), to produce a reduced product. This step corresponds to the reductive melting treatment in the
"oxidation and reductive melting step" described above, and the details of this step are as described hereinabove.

[Slag Separation Step]

[0058] The slag separation step (S5) includes separating the slag from the reduced product, resulting from the reductive
melting step (S4), to recover the molten alloy. This step corresponds to the "slag separation step" described above, and
the details of this step are as described hereinabove.
[0059] Additionally, the slag separation step may be followed by a sulfurization step and a crushing step. The resulting
valuable metal alloy may also be subjected to a hydrometallurgical process. The details of the sulfurization step, the
crushing step, and the hydrometallurgical process are as described above.

EXAMPLES

[0060] In the following, the present invention will be described in more detail with reference to Examples and Com-
parative Examples, but the Examples below are not intended in any way to limit the present invention.

<<1. Examples Using Reagents>>

(Materials)

[0061] For a test for investigating the influence of lithium (Li) and manganese (Mn) on the melting temperature of a
slag, reagent-grade Al2O3, CaO, Li2CO3, MnO2, and Mn were used. MnO2 and Mn were added at MnO2:Mn (mole ratio)
of 1:1, assuming that MnO2 and Mn form MnO in a reductive melting treatment.

(Test Apparatus)

[0062] FIG. 2 illustrates the configuration of an apparatus for use in the test. In the present Example, reagent-grade
Al2O3, CaO, LiCO3, MnO2, and Mn were mixed in a predetermined ratio, and 20 g of the mixture was placed in an
alumina crucible having a volume of 30 mL, heated in a small muffle-type electric furnace to a temperature of 1,873 K
and kept at the same temperature for 60 sec. Quantitative analysis was performed using inductively-coupled plasma
atomic emission spectrophotometry, and the melting temperature was measured at each composition using a hot ther-
mocouple method.

(Test Results)

[0063] FIG. 3 shows a phase diagram of an Al2O3-CaO-Li2O system (MnO = 0% by mass), with the measurements
of the melting temperature plotted. As shown in FIG. 3, in the composition of a weight ratio of CaO/(CaO + Al2O3) =
about 0.2 and 0.3, the melting temperature for Li2O = 5 to 10% by mass was decreased compared with that for Li2O =
0% by mass. On the other hand, the melting temperature for an increased mass fraction of Li2O of 15% by mass tended
to be higher than that for Li2O = 5 to 10% by mass. It should be noted that dotted lines in FIG. 3, and FIG. 4, which will
be described later, indicate liquiduses calculated by a thermodynamic calculation software (FactSage).
[0064] These results revealed that the addition of 5% by mass of Li2O to the system of CaO/(CaO + Al2O3) = 0.3
resulted in a decrease in the melting temperature of the system by 100 K or more. It was also revealed that an increase
in Li2O mass fraction to 15% by mass resulted in an increase in the melting temperature, and a further increase in Li2O
mass fraction reversed this trend leading to a decrease in the melting temperature.
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[0065] Further, FIG. 4 shows a phase diagram of Al2O3-CaO-Li2O-MnO (10% by mass) system, with the measurements
of the melting temperature plotted. As shown in FIG. 4, a tendency mostly similar to the that for the Mn mole ratio of 0%
by mass was found. Incidentally, a tendency of the melting range at 1,773 K to somewhat expand was noted. In view
of this result, it is presumed that a similar tendency is found for a MnO mole ratio in the slag of about 15% by mass or less.

<<2. Examples Using Discarded Lithium Ion Batteries>>

[0066] In the following, Examples which involved a treatment using discarded lithium ion batteries including lithium
(Li) and valuable metals are described.

[Flow of Recovery Treatment of Valuable Metals (Operation in Each Step)]

(Discarded Battery Pretreatment Step)

[0067] First, discarded lithium ion batteries were provided including 18650-type cylindrical batteries, used rectangular
car batteries, and defective products collected in battery manufacturing processes. These discarded lithium ion batteries
were discharged by being dipped in brine, which was followed by removal of water and roasting at 260°C in the air to
decompose and remove electrolytic solutions and outer cases, so that a battery component material was obtained.

(Crushing Step)

[0068] Next, the battery component material was crushed using a crusher (tradename: Good Cutter: manufactured
by Ujiie Manufacturing Co., Ltd.).

(Oxidative Roasting Step)

[0069] Next, the crushed product was oxidatively roasted at a heating temperature of 900°C for 180 minutes in the air
using a rotary kiln.

(Reductive Melting Step)

[0070] Next, graphite powder in an amount 0.6 times the total moles of valuable metals (Cu, Ni, and Co) was added
as a reducing agent to the oxidatively roasted product, and further calcium oxide (CaO) as flux was mixed therewith
such that the Li/Al ratio (mole ratio) and the Ca/Al ratio (mole ratio) in the slag to be formed were as specified in Table
1 below, to form a mixture, which was charged into an alumina crucible. Each sample was heated to a reductive melting
temperature (Table 1) via resistive heating to undergo reductive melting treatment for 60 minutes for alloy formation.
Thus, a molten alloy and a slag were obtained.

(Slag Separation Step)

[0071] The slag was separated from the reduced product, so that the molten alloy was recovered, which was named
the recovered alloy.

[Analysis of Components in Slag]

[0072] The analysis of the components in the slag separated from the reduced product was performed as follows.
Specifically, the slag was cooled and then crushed. Each crushed product was subjected to analysis by X-ray fluorescence
spectroscopy.

(Valuable Metal Recovery Ratio)

[0073] The ratio of recovery of a valuable metal (Co) was determined as follows. Specifically, the following equation: 
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was employed. Incidentally, the analysis of the components in the recovered alloy was performed by X-ray fluorescence
spectroscopy.

[Evaluation Results]

[0074] Table 1 below shows the results of the ratio of recovery of cobalt in the melting at a melting temperature of
1,450°C and 1,550°C with varying mole ratios of Li/Al and Ca/Al in the slag to be formed.

[0075] As can be seen from the results in Table 1, Examples 1 to 5 exhibit favorable separability of the slag and the
metal, and all the sample thereof gave a favorable result, i.e., a ratio of recovery of cobalt of 95% or more.
[0076] On the other hand, all of Comparative Examples 1 to 3 resulted in a lower ratio of recovery of cobalt than the
Examples. Specifically, it is presumed that the slag was melted incompletely, and consequently had a high viscosity,
leading to low separability of the slag and the metal. A large number of small metal grains were present in the slag, and
the ratio of recovery of cobalt was low accordingly.

Claims

1. A method for recovering a valuable metal, the method comprising:

a preparation step of preparing a charge comprising at least lithium (Li) and a valuable metal;
an oxidation and reductive melting step of subjecting the charge to an oxidation treatment and a reductive
melting treatment to produce a reduced product comprising a molten alloy and a slag, the molten alloy comprising
the valuable metal; and
a slag separation step of separating the slag from the reduced product to recover the molten alloy,
wherein a mole ratio of lithium (Li) to aluminum (Al) (Li/Al ratio) in the slag is 0.15 or more and less than 0.40, and
a mole ratio of calcium (Ca) to aluminum (Al) (Ca/Al) in the slag is 0.15 or more.

2. The method according to claim 1, wherein the preparation step or the oxidation and reductive melting step, or both
further comprise adding flux comprising calcium (Ca) to the charge and/or a material to be treated.

3. The method according to claim 1 or 2, wherein the oxidation treatment comprises oxidatively roasting the charge
to produce an oxidatively roasted product, and
the reductive melting treatment comprises reductively melting the oxidatively roasted product to produce a reduced
product.

4. The method according to any one of claims 1 to 3, wherein the reductive melting treatment comprises introducing
a reducing agent.

5. The method according to any one of claims 1 to 4, wherein the reductive melting treatment comprises heating at a

[Table 1]

Sample
Charge composition (mole 

ratio) Melting temperature (°C) Cobalt recovery ratio (%)
Li/Al Ca/Al

Example 1 0.15 0.35 1450 97.5

Example 2 0.29 0.20 1550 95.5

Example 3 0.38 0.55 1450 97.3

Example 4 0.21 0.57 1450 96.9

Example 5 0.33 0.35 1550 95.3

Comparative Example 1 0.14 0.21 1550 87.2

Comparative Example 2 0.45 0.19 1550 89.3

Comparative Example 3 0.30 0.14 1550 82.5
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temperature of 1,300°C or more and 1,575°C or less.

6. The method according to claim 5, wherein the reductive melting treatment comprises heating at a temperature of
1,350°C or more and 1,450°C or less.

7. The method according to any one of claims 1 to 6, wherein the charge comprises a discarded lithium ion battery.

8. The method according to any one of claims 1 to 7, wherein the slag comprises 15% by mass or less of manganese
oxide (MnO).
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